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ABSTRACT 

The  atmospheric  water  vapor flux divergence and  certain  aspects of the  water  balance of North America are in- 
vestigated,  using  data from the period May 1, 1958-Apr. 30, 1963. 

The  mean  vertical  distribution of flux divergence  is  computed  for the United  States  for  the  months of January 
(1962, 1963) and  July (1961, 1962). Strong flux convergence  in the lowest  kilometer  and  divergence  in the remainder 
of the troposphere were found  in  July.  Flux  convergence was found  throughout  the  troposphere  over  the  eastern half 
of the  area  in  January,  with a maximum between 900 and 950 mb.; while in  the west,  convergence  (with  no  particu- 
larly  pronounced maximum) was found  above 800 mb.,  with  weak  divergence below. Corresponding features of the 
profiles  were found at higher  elevations  over the west, where the flux divergence  above 500 mb. is quite  significant. 

Particular emphasis  is placed on  computation of the vertically  integrated flux divergence, and  its  use  in  esti- 
mating P--E, the  mean difference between prrcipitation  and  evapotranspiration. As in  the case of the flux field, the 
flux divergence  exhibits a pronounced diurnal  variation  south of 50°N., particularly  during  the  summer.  Neverthe- 
less, the results of water  balance  eomput,ation  over the United  States  and  southern  Canada,  using  twice-daily obser- 
vations from the existing aerological network,  indicate that reliable  mean  annual,  seawn,  and  monthly  values of 
P " E  can  usually  be  obtained when averaging  over  areas of 20X 105km? or larger.  Averages over  smaller  areas  are 
less reliable, and become quite  erratic  as  the size of the  area  is  reduced  to less than 1OX 105km.2 This  deterioration  is 
mainly due  to  the presence of a systematic  error  pattern of relatively  large  scale  and  amplitude. 

The mean monthly  values of evapotranspiration  and  storage  change,  obtained  from  balance  computations  over 
the United States  and  southern  Canada,  and  over  that  portion of the  area  east of the  Continental  Divide  are  presented 
and discussed. A comparison of values of evapotranspiration  computed  by  means of the atmospheric  water  vapor 
balance  rquation,  with  those  computed  using  Thornthwaite  climatic w E b a l a n c e   d a t a  indicates that  over the United 
States  and  southern  Canada  the  latter  systematically  overestimates P- E during  the  winter,  and  underestimates  it 
during  the  summer  by a substantial  amount.  This  contributes  to a computed  seasonal  change in  surface  and  subsur- 
face  storage which averages  more than t,wice that  obtained  from  an  evaluation of the flux divergence. 

Examination of the relationship  between  precipitation and  storage  over  eastern  North America indicates that  
for areas of this size, the  departure from normal of precipitation  by itself serves  as a fairly good quantitative  indicator 
of the  departure from normal  storage  change. 
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1. INTRODUCTION 

An accurate  quantitative knowledge of the  components 
of the hydrologic cycle of the  earth-atmosphere  system, 
on a regional and global basis, is of basic importance  in 
many  branches of geophysics. Progress toward  such 
knowledge  has,  however,  been seriously hindered by 
inadequate  measurement of many of the processes involved 
(Ackerman [I]). Information is stmill inadequate on soil 
moisture  storage,  ground  water  storage  and  movement, 
and  in  msny areas, precipitation. In  addition,  estimates 

of average  evapotranspiration over  large  areas  is  still 
far  from  satisfactory.  Ackerman [ l ]  states: "Changes in 
regional or global supply of atmospheric  moisture  obtained 
from land  and  water surfaces by  evapotranspiration 
proc,esses are  largely  unknown . . . new instruments 
or improved  techniques  for  use  with  conventional  instru- 
mentation  are needed . . . to quantify  the exchange of 
moisture  with  the  atmosphere  over  large  areas for which 
water  balance  evaluations  are required." 

Even  a simple  balance  equation  for  the  terrestrial 
branch of the hydrologic cycle normally  contains  two 
unmeasured  quantities,  evapotranspiration  and  change 
in  surface  and  subsurface  storage.  Thus  one  must  rely on 
some  additional  relationship  in  order  to solve for  the 
unknowns. The conventional  approach  to this problem 
has centered on  attempts  to  estimate  actual evapo- 
transpiration  through  the use of some  additional empirical 
relationship  which  relates  evapotranspiration  to  measured 
surface meteorological parameters,  and  to  the soil moisture 
deficit. Soil moisture  storage  changes  are  then  computed 
as a residual from the  terrestrial  balance  equation.  Such 
techniques  have  been discussed by  Thornthwaite  and 
Hare [27] and  Kohler  and  Richards 1121. Changes  in  lake 
and  stream  storage  can  be  estimated,  but  the  quantitative 



changes  in  ground-mater  storage over large  areas  is, for 
the  most  part, unknown. 

There is  a further problem involved in  the use of the 
terrestrial  water  balance  equation which is  sometimes 
overlooked. This arises from the  fact  that errors  in the 
measurement of precipitation  are not  random, but exhibit 
a  negative  bias  (LaRue  and Younkin  [13]).  Consequently, 
measured  precipitation will, in  most cases, be less than 
actual precipitation. This bias, which has been the 
subject of numerous  investigations  during the pastn 
century, is  thoroughly discussed in the comprehensive 
survey of Weiss and Wilson [29]. The error is mainly 
related  to  the speed of the wind and  the  character of the 
precipitation,  and is accentuated  in  mountainous areas 
where reports  are  often  sparse  and biased toward lower 
elevations. 

Added problems arise in  the  measurement of snow. 
Struzer,  Nechayev,  and  Bogdanova [24], in  a  study of 
precipitation  measurements over the  U.S.S.R.,  found 
errors in the  measurement of mean annud precipitation 
which varied between approximately  5  and 50 percent, 
depending  on the climatic zone. Errors  in  the measurement, 
of mean  monthly  precipitation  during  the  winter  months 
were sometimes in excess of 100 percent. 

The average amount  by which precipitation is under- 
estimated  over  North America is, of course, difficult to 
say.  Even a figure as low as 5  to 10 percent, which would 
not seem unrea,sonably  high,  amounts  to an average of 
3.5  to 7.5 cm./yr.  over the United  States.  This is by no 
means a negligible figure when considering long-term 
storage  changes and, as the results of this  study mill 
show,  probably  represents a t  least  as  large a systematic 
error as that which arises in  the  evaluation of the mean 
vapor flux divergence over the  United  States  and  southern 
Canada  east of the  Continental Divide. Since precipita- 
tion  measurements were used in  this investigation  in 
order t.0 obtain  estimates of evapotranspiration, the com- 
puted values of evapotranspiration will show the same 
negative  bias  as  the measured  precipitation. 

A number of studies  during  the  past several  years, 
including those of Benton  and  Estoque [3], Hutchings 
[lo], Starr  and Peixoto [22], Palm6n [17], Lufkin [14], 
and  Starr, Peixoto, and Crisi 1231 have  demonstrated that 
the atmospheric  vapor flux divergence can  in  many cases 
be measured  accurately enough to give useful estimates 
of the mean difference between  evapotranspiration  and 
precipitation. I n  order to  obtain  satisfactory  results, an 
adequate aerological network must exist, the region con- 
sidered must  not  be too small, and the time period over 
which the observations  are  averaged must be of sufficient 
length to  render  the effect of random  errors negligible. 
Under  such  conditions one can use the atmospheric  vapor 
balance  equation  and  the  terrestrial  balance  equation  as 
independent  relationships  from which t!o evaluate evapo- 
transpiration  and  total  storage change, that is, the con- 
bined  change  in  surface and subsurface  storage.  There 
is, in  theory, a  particular  advantage  in using this  technique 
for the evaluation of storage  changes,  since the use of 
measured  values of precipitation and empirically com- 
puted values of evapotranspiration is entirely avoided. 

The large-scale characteristics of the  vapor flux field 
over North America and  the  Central American  Sea  were 
described in  Part I of this  paper  (Rasmusson  [19]). The 
balance  equations used for the  budget  computations  and 
a  description of the  data rtnd procedures used in  these 
computations will be presented  in Part 11. This will be 
followed by a discussion of some significant character- 
istics of the vertical  distribution of the  vapor flux diver- 
gence. Systematic  errors which were encountered in  the 
divergence computations will be described. I t  was noted 
in Part I that  the  vapor flux exhibited significant diurnal 
variations.  This is also true in the case of the flux diver- 
gence, and  the characteristics of these  variations will be 
illustrated  and discussed. 

Finally,  the  results of balance  computations  for  some 
of the  larger areas  investigated will be discussed. Com- 
putations for the  United  States  and  southern  Canada 
cover a 2-yr. period (May 1, 1961-Apr. 30,  1963). For 
that portion of the  United  States and southern  Canada 
east of the  Continental Divide, which was chosen for  the 
most  detailed  st,udy, the  computations  have  been ex- 
tended t,o 5 yr.  (May 1, 1958-Apr. 30, 1963). The extension 
of the period of investigation from 2 to 5 yr., completed 
since the publication of Part I of this  paper, htts yielded 
results which a.re considerably more definitive t h m  those 
previously obtained,  particularly for the smaller sub- 
divisions of the area. 

2. THE BALANCE  EQUATIONS 
The following notation mill be used: 

g= acceleration of gravity 
a=mean radius of t,he earth 
X= longitude 
4=latitude 
p =pressure 
q=specific humidity 

ps=pressure at  the ground 
p.=pressure above which the vapor flux divergence 

becomes negligibly small 
u=a cos c#, -, zonal mind component 

v=a -, meridional wind component 

d4 
dt 

d4 
dt 

respectively 
iA, i+,= eastward-  and  northward-point,ing unit vectors, 

G=total subsurface flow (gm. (cm. sec.)") 
E=rate of evapotranspiration 
P=rate of precipitation 
R,=rate of stream flow from a drainage  area 
S=total mater  storage  on  and below the  surface of 

2=net sources of water  vapor  in  a unit  atmospheric 
the  earth per unit horizontal  area 

column  extending  from p s  to p ,  
t, T= time 

C=curve bounding  a  drainage  area 
n,=outward-pointing unit normal vector on  curve 

(-) =i J )dt= time mean 

( )' = ( >-(-)=instantaneous  departure  from  time 
T T  

mean 
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(( ,,=; JJA( >a2 cos 9 A &=spatial mean. 

The following vertical integrals will be referred to in the 
collrse of this discussion: * 

mean  precipitable  water (gm. ern.-+ or cm.) 

vertically  integrated  mean  total zonal 
qudp water  vapor flux (gm. [cm. sec.1-1) 

- vertically integrated mean total meridion- 
e+=iJ=:~+ al  water  vapor flux  (gm. [cm. sec.1-1) 
- vertically integrated  mean  total  water 1%- 

Q = i k Q k + i ~ Q b  por flux (gm. [cm. sec.1-1). 

The form of the  atmospheric .water vapor  balance 
equation is essentially that of Stam  and Peixoto [22]. 

Assuming hydrostatic equilibrium, one may  write  the 
atmospheric  mater  vapor  balance  equation for a  column 
of air,  extending  from the  ground  to  a pressure p , ,  in  the 
following form: aw 

at 
-+V*&=Z. 

Eva,potranspiration from the  earth's  surface  and 
precipitation falling from  the air column constitute  the 
major source and  sink of water  vapor.  The  formation 
(eraporation) of clouds within the column constitutes 
another possible sink (source), but  the use of commonly 
acceptfed d u e s  for the  water  content of clouds (aufm 
Kampe and Wdckmann 11  11; Atlas [2]) indicates that  the 
thrs a€  mater, irc liqrrid and solid farm, will  rarely  average 
10 to 20 gm. (cm. sec.)" for periods of a  month or more. 
'I'his, for example,  represents  around 1 percent of the  mean 
flus in the regions of persistent  wintertime cloudiness 
dong the west coast of North America. Since the flux 
divergence rather  than  the flux itself affects the  accuracy 
o f  the mater  balance  computation, it can  be  concluded 
t.hjLt t,he transport, of water  in liquid or solid form may be of 
significctnce in those relatively localized regions of per- 
sistent. formation or dissipation of clouds, or for occasional 
short, t'ime periods, but! can  normally  be ignored on 8. mean 
monthly basis for large-scale mater  balance  studies. 

Thus 
Z=E--P. 

When applied to  mean conditions over  a given region and 
time period, equation (1) becomes 

- 
For annual means, (aW,@t) is usually negligible com- 

parad  with the  other  terms. For monthly  means,  however, 
all terms are  often of the  same order of magnitude, 
particularly  during tahe spring  and fall. 

Part I of this paper 1191. Under "Data and Procedures,'' the second line of equntions 
1 The author would like  to take this opportunity to wrrect nn error on page 404 of 

should read: - I;qu )" - - - - " 
pv=---, q u "Pu-q u, q'v'=pu-q 2.'. N 

Ah, on P8Ke 47.4, the dates in the third  line of the "Summary" should be "Mag 1,1981- 
April 30, 1963." 

The vapor flux divergence can be expressed in spherical 
coordinates: 

This expression can be conveniently  evaluated by finite 
difference methods to provide  the  mean divergence within 
each  area defined by 4 grid points.  However,  when making 
detailed water balance  studies which involve the use of 
streamffow data,  it is usuaIly more  convenient  to  obtain 
the mean divergence  over an irregularly  shaped  drainage 
basin. For this purpose, application of the  Gauss  Theorem 
gives : 

( V * W & h - k  (4) 

A second  relationship is obtained  as  a  balance  equation 
for the  ground  branch of the hydrologic cycle. When 
applied to  a  particular  drainage basin, this  balance may 
be expressed, in  its  simplest form, as follows: 

(E) is the  net  stream outflow from the basin, and (aslat) is 
the  mean  rate of storage  change (surface, soil moisture, 

and  ground  water)  over  the basin. Gmn& is the  net 

underground flow through  the  vertical boundaries of the 
basin.  Note  that  ground mater which discharges into 
streams within  the basin does not contribute to this  term; 
the  term is nonzero  only  when  ground  water and  surface 
divides do not coincide. Most  underground  exchange be- 
tween North  Ameyican  drainage  bagins  probably  occurs 
on a scale too small to be  studied  to  advantage using the 
atmospheric  water  vapor  balance  equation.  Lacking 
evidence to  the  contrary,  such exchanges are assumed to 
be small over the  large  drainage  areas  investigated, when 
compared  with  the seasonal and  interannual  surface  and 
subsurface  storage changes. 

Neglect of the underground  exchange telm  then leaves 
only  two  unknowns, (E-f') and (&S/at>, to  be  evaluated 
between  equations (2) and ( 5 ) ,  since (awjat) can be 
measured. Solvjng for surface  and  subsurface  storage 

- 

$- 

- - 

change gives; 
/aw\ - 

Using  precipitation  measurements,  one  can also solve 
for Z ) :  

These  two  simple  relationships  can  then  be used to  
evaluate  the two  unknowns of the  terrestrial  water  balance 
equation, all other  quantities  in  the  equations being 
measured. 

3. DATA AND PROCEDURES 
Aerological data used in  this  investigation  and  the 

analyses of the flux fields  mere discussed in  Part I (Ras- 
musson [19]). 

Vapor flux data used in  this  study  generally  extended 
no  higher  than 300 mb.  Thus,  any  contribution from the 
upper 300 mb. of the  atmosphere  to  the  vertically  inte- 

I 
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grated vapor flux divergenceis not included in  the  integals. 
We  may  make a rough  estimate for an upper  bound  on 
the  error which is introduced by this data deficiency. 
Consider 5 hypothetical square with  sides 1000 km. in 
length. The enclosed area  is  then  106km.Z,  the  order of 
magnitude of the typical regions of our  water  balance 
computations. Assume further a steady west-east current 
across the  area  above 300 mb.  Next assume a mean  upward 
flux of moisture  through  the 300-mb. level, a t  a rat,e 
sufficient to increase the vapor  content of the  air passing 
horizontally  through the 150-300-mb. layer  by an average 
of 0.3 gm./kg.  This would appear  to  be  a  rather  generous 
moisture  increase when one considers the low values of 
saturation specific humidity of this layer,  the size of the 
area invohed,  and  the fact that this is a mean  value for 
a period of 1 mo. One may  then  compute  the mean  west 
wind speed along the 1000-km. eastern  boundary which 
would be required to remove  moisture moving upward 
through  the 300-mb. level a t  the  rat>e of, say, 1.0 gm. 
(cm.2mo.)-1, i.e., to  give  a  mean  divergence  contribution 
from the 300-150-mb. layer of 1.0 gm.(cm.2mo.)-1. The 
mean wind speed required  to accomplish this would be 
around 25 m./sec. Thus for large-scale water  balance com- 
putations,  the  order of magnitude of the error  arising from 
neglect of the divergence contribution  above 300 mb. 
could conceivably be  as high as 1 gm.(cm.2mo.)", but a 
value on the  order of 0.1 gm.(cm.2mo.)" would probably 
be more realistic. 

Computations of flux divergence were made  by  applying 
finite difference methode to equation (3) (Peixoto [I$]), 
using as data  the values of gA and i& on a 2.5' lat.  by 
2.5" long. grid south of 57.5"N., and on a 5.0" long. by 2.5" 
lat. grid north of this  latitude. As before, individual com- 
putations were made  for  each  month,  and  separately for 
the 12 GMT and 00 GMT data.  In order to obtain  accurate 
values of mean  divergence for the various  irregularly 
shaped regions considered in  the  water balance  studies, 
the  net flux across a  convenient  curve, closely approxi- 
mating  the  actual  boundary of the basin, was estimated 
directly from the flux component  maps. 

Bock, Frazier, and Welsh [5 ] ,  using the same data source, 
and  an analysis  program which was run on the  UNIVAC 
1108 computer at   GFDL, have  objectively  computed the 
mean  monthly flux divergence over North America for the 
5-yr. period May 1, 1958, through  Apr. 30, 1963. Their 
results,  and  those  obtained  from the  hand analyses, were 
in good agreement over t.he United  States  and  southern 
Canada  east of the  Continental  Divide  during  the 2-yr. 
period of overlap.  Their  results were therefore used in 
obtaining  a 5-yr. balance  for that area. 

Streamflow data were obtained  from  the  water  supply 
papers of the  US. Geological Survey  and  Water Resources 
Papers of t,he Canadian  Department of Northern Affairs, 
for an  area of 85.7)<105km.2 covering almost all of the 
United  States  and much of southern  Canada.  Immediate 
coastal regions were not included, partly because of the  time 
involved  in  obtaining runoff from the  large  number of 
small  coastal  streams  and  partly due  to limitations im- 
posed by  the location of the  last  downstream  stream- 
gaging station, which is normally some distance  inland. 

~~~~ 
~~~~ ~ 

This  had  the effect of keeping the  boundary of the  drainage 
area well within the  outer  ring of aerological stations. 
A listing of stream-gaging stations used in this  study,  the 
areas  they gage, and  additional  regions of internal  drainage 
included in the are& can be found in a previous report 
(Rasmusson [ZO]) . 

The accuracy of streamflow data depends  primarily 
on 1) the  stability of the stage-discharge relation or, 
if the stream channel is unstable, the frequency of the 
discharge  measurements;  and 2) the accuracy of observa- 
tions of stage,  measurements of discharge, and  interpre- 
tation of records (U.S. Geological Survey Water  Supply 
Papers). The  station description states the degree of 
accuracy of the records. The error in daily values is 
generally less than 10 percent;  consequently the  mean 
monthly  and  annual  errors will, in general, be consider- 
ably less than this figure. The  author knows of no sys- 
tematic  errors  in  these data.  For a  more  complete discussion 
of stream-gaging procedures, quality of data,  and  stream- 
flow characteristics, see Roden 1211. 

Precipitation data were obtained  from U.S. Weather 
Bureau  State Climatological Summaries,  and the  Monthly 
Report of the  Canadian  Department of Transport. 

With regard to  the aerological data, several stations, 
mostly  military  operated,  converted from the  lithium 
chloride to the  carbon  humidity element during  this 
period. A study of these data  (Rasmusson [20]) indicated 
no large  differences in the monthly  mean flus as measured 
by the different elements. For n discussion of the repre- 
sentativenem of the vapor AUK data und undyses, t,he 
reader is referred to Rasmusson [ Z O ] .  

4. THE  VERTICAL  DISTRIBUTION  OF FLUX 
DIVERGENCE 

A general investigation of the vapor flux divergence 
on various pressure surfaces was not  attempted  in  this 
study. However, the series of vertical cross sections 
illustrated  in Part I of this paper  and cross sections a t  
100"W. were used to define the flux through the  bound- 
aries of t\vo areas. The first was bounded  on the  south 
and north by 3O"N. and 47.5'1\1'., and on the east and 
west by 80"W. and 100OW. The second area extended 
from 8O"W. t.o the Pacific Coast  and was bounded  on 
the  south  by 30"N. east of 105"w.  and 32.5"'N. west 
of 105"W., a.nd on the  north  by 47.5"N. Except for that 
portion of the  boundary between 30" and 32.5"N. a t  
105"W., the flux was completely depicted on the cross 
sections. 

Values of the  boundary flux were tabulated a t  50-mb. 
intervals from 1000 mb.  to 400 mb.  from data on the 
woss sections. Data for El Paso were used as  an  estimate 
of the zonal flux through the  gap at  105"W. Additional 
values were interpolated  from  the cross sections a t  975 
mb.  and 925 mb. when needed to  properly define the 
vertical profiles. The ground profile along the  boundaries 
mas estimated as accurately as possible and  transport 
was computed only where the pressure surface mas above 
ground level. 

The  total outflow a t  each  pressure  surface  was  divided 
by  the enclosed area  (eastern region 33.6X105 km.*; 
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FIOVRE 1.-Vertical distribution of (V*F), January 1962, 1963, and  July 1961, 1962. The western area is bounded on the  south  by 30'N. 
(100'W.-105'\V.) and 32.5'N. (lO.j'W.-Pacific coast); on the  north by 47.5'N. The eastern  area is bounded by lat. 30'N. and 47.5'N. 
and long. 80'R. and 100'W. (v.3) is an averagc of 00 GMT and 12 GMT observations over the  total enclosed  area. 

western region 32.6)<105 km.2) in order to obtain  a 
value of outflow per unit horizontal area.  This  value 
is equivalent to  the  areal mean flus divergence a t  levels 
above  the highest terrain. At lower levels, the  mean 
flus divergence over that portion of the  area  where  the 
pressure surface is  actually  above  ground level mill 
obviously be  greater t,han the  total  areal average. 

January  and  July profiles for the two  areas  are  shown 
in figure 1. The  January profile for  the  eastern  area shows 
negative  flus divergence at all levels. The maximum near 
925 mb. coincides with  the level of maximum inflow from 
the  south. No strong increase in divergence is found at  the 
level of maximum outflow on the  east coast (750-800 
mb.),  as  this outflow is  more than offset by  mean inflow 
through  the  three remaining boundaries. 

The  January profile for the western  area differs from 
that  in  the  east  in some important respects. With  the 
exception of the 1000-mb. level, the region  below  850 
mb. is found  to be  divergent.  Examination of the flux 
along the  boundary reveals outflow in  the lower levels 
east of the  Continental  Divide  and also into  the Gulf  of 
California which more than offsets the inflow across the 
Pacific Coast. Since bot,h the Colorado River  Basin  and 
the area east of the  Continental  Divide  are isolated from 
the  remainder of the we.stern region by  mountains which 
rise above the 850-mb. level, the outflow source  appears 
to be  one or more of the following: evapotranspirat,ion or 
decreased atmospheric  storage  within  these isolated 
regions, a  downward flu.. from the higher levels, or evapo- 
ration from falling precipitation.  The  mean flux divergence 

over the western region becomes  negative at  850 mb.  and 
maintains  a  rather  constant  negative  value  to 400 mb. 
The flux convergence  above 650 mb.  is significantly 
greater  than  that  found over the  eastern  area. 

The  July profiles are similar in  both  east  and  west,  but 
differ markedly  from  those  found  during  January.  Strong 
net inflow in  the lower levels is capped by divergence a t  
higher levels. In  the  east,  the maximum inflow occurs 
between 950 and 1000 mb.,  and again coincides closely 
with  the level of maximum inflow from the Gulf of Mexico. 
In  addition,  the level of maximum net outflow  (between 
800 and 900 mb.)  nom coincides with  the level of maximum 
transport across the  east coast. 

Low level convergence is found  throughout  a  deeper 
layer over the western  area. This is probably  a  consequence 
of the  extensive  areas of high  terrain,  and  the  variable 
elevation of the  ground.  The  computed  magnitude of this 
convergence may  be  somewhat excessive between 850 
mb. and 950 mb. because of a  probable excess of low level 
inflow across 100"W. associated with  systematic  diver- 
gence  errors  east of the  Rocky  Mountains (see section 5 ) .  
Similarly,  the low level convergence of the  eastern region 
may  actually  extend  through  a  somewhat  deeper  layer 
than  indicated  by  the  computation.  The  high level flux 
divergence is located at  considerably higher  elevations 
over  the west, in  a  manner  similar  to  the high level con- 
vergence pattern  in  winter. 

The contribution  to  the  total  integrated flux divergence 
from  each 50-mb. layer is given in  table 1. Values  above 
400 mb.  were  obtained by assuming  a  linear decrease of 
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TABLE 1.-Vapor fluz divergence. Units: g m . ( n . 2  mo.)-l 

Pressure 
(mb.) 

1m-950 
950-900 
900-850 
850-800 
800-750 
750-700 
700-850 

600-550 
65o-600 

550-5M) 
m50 
4 5 0 "  

(4%250) 
< V *Q> 
<AW> pm. 

Contribu- 
m . - z  

tionaborf 
500 mb. 

West 

Jan. July -___ 
+0.02 

- .32 + .03 
-1.15 + .18 
-1.45 + .14 
-0.87 

+ .47 - .29 + .37 - .26 
+ .10 + .16 

- .31 + .59 
- .33 +.53 
- .27 + .50 
- .25 + .35 

(- .26) (+ .25 
- . 21  + .21 
-1.97 - .42 

+ . 5  + . 3  

-. 72 + .81 

Jan. 

East 

-0.43 

- .59 
- .69 

- .49 
- .44 
- .35 
- .29 
- .a 
- .14 
- .13 
- .12 
- .08 

(- .@?I 
-4.05 

+ . 2  

- .28 

July 

"1.02 +. 03 +. 60 +. 66 
+. 33 
+. 51 

+. 28 +. 24 

+. 11 
+. 12 

+. 09 
+. 10 

+2.17 
(+. 12 

+. 3 

+ .31 

Total 

JllII. 

-0.21 
- .28 
- .21 
- .23 

- .31 

- .30 

- . 2 9  
- .28 
- .22 
- .20 
- .18 

(- .17: 
- .15 

-3.03 

+ . 3  

-. 50 

July 

-0.95 
- .70 

+ .18 
- .25 

+ .31 + .35 + .37 + .38 + .35 + .30 + .n 
(+ . 18) 
+ .15 

+ .89 

+ . 3  

+ .55 

divergence to zero at  250 mb.  Contributions from the 
layer below 1000 mb.  are  small,  and  are  not  included. 

The  July profiles may be compared with  the  June- 
August 1954 results of Hutchings [IO] for southern 
England. He found  strong convergence below  850 mb., 
and divergence at  all higher levels up to 350 mb. His 
values were much  larger  than  the  July values over North 
America, with  peak  values of  10" gm.(cm.2  mb. mo.)-l 
for the low level convergence and 3.3 X gm.(cm.2 
mb. mo.)" for  high level divergence. 

The contribution  to  the  total vertically  integrated di- 
vergence from  the  layers  above 500 mb. is surprisingly 
large over the higher terrain of the western region, and it 
is quite  apparent  that significant systematic  errors will 
arise in  the computed  mean  monthly divergence if these 
layers  are  not included in the vertical  integration.  On  the 
other  hand,  such  errors mould apparently reverse sign 
with  the season, a consequence of the  fact  that  the higher 
layers  are  convergent  in  winter  and  divergent  in  summer. 
Consequently  such  errors will have  the effect of damping 
the  actual seasonal variation of flux divergence. Since 
these seasonal errors will tend to cancel, the average 
annual error  may not be large. The contribution  from  the 
layers  above 500 mb. follows a  similar pattern  in  the  east, 
but here  amounts to only 7 to  15  percent of the  total 
integrated flux divergence. 

Given these data, together  with an  estimate of the  rate 
of evapotranspiration  from  the  surface of the  earth, one 
can  estimate  the vertical  vapor flux through  the lower 
atmospheric  layers  in  those cases where condensation  is 
not a  significant  factor.  Computations of the vertical 
flux mere made  for  the  eastern  area a t  a few of the lower 
levels, assuming no  condensation losses and no  changes  in 
atmospheric  storage  in the layers. Estimates of evapora- 
tion  from the  earth's surface were based on the  water 
balance  computations  to  be discussed later  in  this  paper, 
and  are  listed  in  table 2 as  the flux from  the surface. 

It is  interesting  to  note that even  with the strong low 
level convergence observed in  July,  the  vertical  vapor 
flux at 900 mb. differs little from the surface  evaporation 

TABLE 2.-Eastern area-cumputed vertical  water  vapor flux (assuming 
no  condensation or atmospheric  storage  changes). Units: pn.lcm.2 
mo. 

January July 

Surface _ . . _ _ _ _ _ _ . _ _ _ _ . _ _ _ _ _ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ . ~ ~ ~ . ~ ~ ~  ___. 

____..__ __. "... 900 mb ... ..... . ...._._. -. .. _ _ _  ..." -. ... ". . .. ____. ." 

10 3.5 925mb ____.____._______.__~~~~~~.~~~.~~~~~...~~..~.... 

10 3.0 950mb __._._._____._______-".""...-.-.-...-..-.-... 
9 2.5 

10 

rate.  Hutchings  [lo]  computed  a  vertical  transport of 
around 12% gm.(cm.2 mo.)" through the 950-mb. level. 
Of this  amount  he  estimated 6 gm.(cm.2 mo.)" was 
transported  by  the large-scale vertical  motions, and  the 
remainder by convection and small-scale turbulence. 
Evaporation was estimated at  around 8 gm./mo. Rain- 
fall  during  the 3-mo. period that  he  investigated was 
abnormally  high  (140  percent of normal). It seems probable 
that large-scale vertical  motion  plays  a  more important 
role in  the  summertime  vertical  vapor flux over England 
(particularly  during  the excessively wet  summer of 1954) 
than  it does over the  United  States  south of 47.5ON. 

The values of the low level vertical flux shown  for 
January are  around  one-third of those  found  in July. 
Because of the neglect of condensation  these  values may 
be  slight  overestimates of the  actual  vertical flux. 

5. CHARACTERISTICS OF THE FLUX DIVERGENCE 
MAPS 

The regional water  balance  computations to  be dis- 
cussed in  the  next section yield information  concerning 
the accuracy of the computed  mean flux divergence 
averaged  over  relatively  large  areas.  More  detailed infor- 
mation concerning the characteristics of the  systematic 
error field can be  obtained if the flux divergence is com- 
puted  with  a  higher degree of resolution. Such  compu- 
tations were made, as previously noted, using a 2.5OX2.5O 
grid south of 57.5ON. and a 2.5O lat.X5.0° long. grid 
north of 57.5'N. Certain of these  analyses are shown in 
figures 2-6. 

A  critical  examination of figures 2-4 in  light of what 
is known of the evaporation  and  precipitation  patterns 
over the  area leaves little  doubt  that  an error pattern of 
considerable magnitude does indeed exist. These  errors 
appear  to  be  particularly  pronounced  on the  summer 
map. 

The  extent  to which the errors  obscure the  true  pattern 
is  probably  best  illustrated by  the mean annual divergence 
map (fig. 2). This  map  apparently  captures  the  broad- 
scale features of the divergence pattern.  The  Central 
American Sea is shown as being primarily  divergent. 
Convergence  is the rule  over the  continent,  with  the 
expected large  values  on the  north Pacific Coast  and  in 
the  southeastern  United  States. However, the  gradients 
in many areas and  the  magnitude of many of the  major 
features  on  this map  cannot  be  supported  by  independent 
hydrological data,  and  in  many cases are  undoubtedly 
in error. 

Problems in  the divergence distribution  over the 
Central American Sea were anticipated,  even  though 
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FIGURE 2.--Computed mean  annual divergence of the  vertically 
integrated  total  water  vapor flux. May 1961-April 1963. Unib: 
cm. yr." Values are  an  average of 00 c a m  and 12 GMT obser- 
vations. 

efforts  were made to produce  a  smooth field. The flux 
d a h  from Kingston,  Jamaica,  appeared  to  be  strongly 
influenced by local  conditions,  particularly during  winter, 
nnd the  very  strong  gradient  between Convergence in 
tshc northeastern Caribbean  and divergence  to the  west 
may be due,  in  part, to improper  interpretation of these 
data. 

Data from  the missile range  stations  in  the  Bahamas 
were not available with sufficient regularity  to be of use 
during  this 2,y-r. period,  nor  were any  data  available  from 
Havana.  Consequently,  the  distribution of divergence  over 
Cuba  and  the Florida Straits,  and  in  the  area to the  east 
of the Greater Antilles is unreliable. Furthermore,  dataover 
Florida, and  computations  on  a 2.5' grid,  are  not sufficient 
t.0 adequately resolve differences between values of 
divergence over  the peninsula. and  over  the  surrounding 
waters of the Gulf of Mexico and  the Atlantic. 

Some of the  features along the edges of the  continent  are 
due  to uncertainties of analysis, but most of the large-scale 
pattern over North America  is well established by  the  data. 
Questionable features  over  the  continent  include: 

1) The intense  area of divergence  over the  north- 
western  United States  and  the excessive convergence to 
the south of this  area. 

2) The elongated area of divergence  parallel to and 
just to the  east of the  Continental Divide,  extending from 
the  Yukon  Territory  almost to the Gulf Coast. 

FIGURE 3.-Computed mean  seasonal  divergence of the  vertically 
integrated  total  water  vapor flux. Summer  (June-August) . 
Units: cm. (3 mo.)-*. Values are  an  average of 00 GMT and 12 
GYT observations. 

3) The  strong  convergent  area  over  southern Texas. 
4) The  strong convergence over and  just to the  east 

of the  Continental Divide. 
5) The  area of convergence extending  from south of 

Lake  Michigan,  northward,  then  eastward  through 
Ontario. It is the  intensity of the convergence in  this  area 
which is in question. 

6) The divergent area extending  from Lake  Erie  to 
Hatteras. 

7) The divergent area  over  northeastern Quebec and 
northern  Labrador. 

8) The convergence  maximum  over  Hudson  Bay. 
9) The maxima  over  Labrador  and  Newfoundland. 

Again  in (8) and (9), it is the  magnitude  that is primarily 
in question. 

Examination of the seasonal  analyses  (including  those 
for  spring  and  autumn  not  shown here) and  annual  mean 
maps  for  the 2 individual yr. (not  shown  here)  revealed 
the following facts: 

1) All of the previously described features  appeared on 
individual annual  mean  maps  in  approximately  the  same 
geographical  locations but  vaned  in  intensity. 

2) The  strong convergence over  Hudson  Bay did not 
appear  in winter and  spring  and  the divergence over 
northeastern Quebec and  northern  Labrador did not 
appear  in winter. All other  features  were recognizable  on 
each  seasonal  map. 
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FIGURE 4.-Same as figure 3, but for winter (December-February). 

It therefore  appears  reasonable to conclude that  the 
error  pattern observed during  this 2-yr. period was 
primarily  systematic  in  nature,  appearing each year  and, 
for the  most  part,  in  all seasons (except  north of 50'). 
I n  this  regard it should  be  noted that several of the  major 
features  appearing on  these  maps are also apparent  in  the 
less detailed  analysis of 1958 data  by  Starr,  Peixoto,  and 
Crisi [23]: notably  the  convergent  area  over  south  Texas 
and  the  southern Rockies, the  belt of divergence east of 
the  Continental  Divide,  and  the excessive convergence 
over the  Canadian Rockies. 

Further  investigation is required  before  one  can  deter- 
mine  with  some  degree of certainty  the  primary reasons 
for  these  errors.  However,  because of diurnal  variations 
in  the  vapor flux, which  were discussed in  Part I of this 
paper,  the use of only twice-daily observations to  define 
the  mean  daily flux may be  one  source of error. In  this 
regard, figures 5 and 6 clearly show that  the mean flux 
divergence, as well as  the flux itself, exhibits  a  large 
diurnal  variability.  Comparison of figures 3 and 5 and 
figures 4 and 6 shows that  during  summer,  and  during 
winter  south of 40°N., the  diurnal  variations  in  the flux 
divergence are of the  same  order of magnitude  as  the 
computed  mean flux divergence itself. 

The summertime  pattern of diurnal  change is  dominated 
by the  effects of the large-scale oscillation over  eastern 
North America  and the Gulf of Mexico. Because of the 
rapid decrease of specific humidity with height,  the  diurnal 
variation of VaQ is normally of the  same sign as  the 
velocity divergence in  the lower troposphere. Thus  the 

FIGURE 5.-Mean difference (12 GMT-00 Q M T ) / ~ ,  of the divergence 
of the  vertically integrated total water vapor flux. Summer 
(June-August). Units: cm. (3 mo.)". 

decrease in  vapor flux convergence over the Rockies and 
high plains and  the increase in convergence  over the 
Mississippi Valley from 00 to 12 GMT are  broadly con- 
sistent  with  the low level convergence patterns  found  by 
Bleeker  and  Andre [4] and  the  vertical  motion field found 
by  Curtis  and  Panofsky [7]. The  greatest  changes  in 
divergence are computed over the Gulf of Mexico,  where 
differences between 00 and 12 GMT reach  values  in excess 
of 50 gm.(cm.2 mo.)". In  the course of his investigation 
of the  diurnal flux variations  over  the Gulf of Mexico, 
Hastenrath [9] computed  the difference between the wind 
divergence at  00 and 12 GMT for  the  months of January, 
April, July,  and October 1960. With  the  exception of 
April, these computations also show, in  agreement  with 
our findings, significantly stronger low level convergence 
over the Gulf of Mexico a t  12 GMT. 

Wintertime differences between the 12 GMT and 00 GMT 

flux divergence are  much reduced but  many of the  features 
of the  summer  pattern  can still be recognized. The changes 
over the Gulf of Mexico are still quite pronounced but 
the  pattern over the  Plains,  although still  identifiable, is 
quite weak. The  pattern of variations  north of 52.5"N. 
has  almost  completely  disappeared,  except in  the  area 
over Alaska and  the  Yukon,  and  there  the  summertime 
pattern is reversed. 

Figures 2-4 give some clue as  to  the  results  one  might 
expect when computing  the mater  balance  for  large 
drainage areas. The distance  between  divergence  centers 
of like sign varies considerably, but averages  around 
1500 km. over the  United  States  and  southern  Canada. 
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FIGURE &--Same as fieurc 5,  but for winter  (December-February). 

If, for the  moment, we assume that these major  features 
are primarily noise, then one  would expect a considerable 
reduction in the  systematic  error  when dealing with 
averages  over  roughly circular or square  areas of the  order 
of 20X105  km.2  Water  balance  computations for 16 areas 
varying  in size from  86.5X lo5 km.2  down to 2.5X lo5 km.2, 
which  were  made prior to  the  construction of these maps, 
appear  to  support  this conclusion (Rasmusson [20]). 
Good results were obtained for areas of about  20X lo5 km.* 
and  larger. Result,s for areas of 10-20x105  km.2 mere 
fairly good but  as  the  area was decreased to  less than 
1OX lo5 km.?, the result,s became  much  more erratic. 

6. LARGE-SCALE  WATER  BALANCE  COMPUTATIONS 
UNITED  STATES AND SOUTHERN CANADA 

Rasmusson [ZO] has previously discussed some general 
aspects of the  continental water  balance  and the  water 
balance of northern  North America. However, computa- 
tion of surface  and subsurface storage changes  over the 
continent as a whole  was precluded by  inadequate  stream- 
flow data.  On  the ot3her hand,  data  are suflicient for such 
computations over the  United  States  and portions of 
southern  Canada.  This  area consists of the combined 
Western,  Central  Plains,  and  Eastern Regions of figure 
7, a  total  area of 86.5X lo5 km.* from which all streamflow 
is measured. 

Mean  monthly values of t.he computed difference 
between  precipitation  and  evapotranspiration (P-E),  
runoff (E), and  storage change (AS)  for the  total  area 
are shown in figure 8. Annual values are given in table 3. 
These  values  represent averages for an area  over which 

mean  annual  precipitation varies locally from less than 
15 cm. to over 250 cm., and  mean  annual runoff varies 
from 0 to over 100 cm. (Miller, Geraghty,  and Collins 
[ls]).  The seasons of highest and lowest flow differ locally, 
but for the  area as a whole the maximum outflow occurred 
in  spring  and  the minimum in  the fall. Mean  monthly 
runoff ranged  from 0.8 to 2.6 cm. during  the 2 yr. 
investigated. 

The  pattern of wintertime  streamflow was considerably 
different in each of the 2 yr. Marked increases from the 
fall minimum  were  observed  during the first year, while 
little or no  recovery  took place during  the second year. 
The  relatively low flow during  the second  winter  was 
primarily  the  result of unusually cold and  dry  conditions 
over the  eastern  part of the  continent. 

(Y-E)  shows  a  more  irregular pattern  and  greater 
seasonal changes than does the streamflow. Maximum 
values occur during  the  winter, minimum values during 
the  summer. I n  contrast  to  the  northern sections of the 
continent,  where  precipitation exceeded computed  evapo- 
transpiration  throughout  the  year,  one finds an excess of 
evapotranspiration  during  the 3 summer  mo.  Computa- 
tions over the  portion of the  area  east of the  Continental 
Divide, using 5 yr. of data,  indicated  a smaller excess 
of summertime  evaporation  over  precipitation  than was 
computed  from  the 2-yr. data sample. 

Since the difference between (P-E)  and (FJ changes 
sign from  winter  to  summer,  there  must  be  an  accumu- 
lation of water over the  continent  during  the  late fall, 
winter,  and  early  spring, which  is lost again during  the 
warmer  months of the  year.  The  computed seasonal 
change  in  storage is  also shown in figure 8. These values 
represent  the  total change in  storage  from May 1, 1961. 

The  characteristics of the  computed seasonal storage 
change agree qualitatively  with  what is known of this 
quantity. Soil moisture, as well as the  water  table,  reach 
their highest values over  most of the  area  in  spring,  and 
surface  storage in the form of snow reaches a  maximum 
in  late  winter  and  early  spring.  Late spring and  summer 
mark  a period of high  evapotranspiration  and decrease 
in  storage.  The lowest values of soil moisture,  water  table, 
and streamflow occur in  late  summer or early fall over 
most of the  area. 

Van  Hylckama [28] has  estimated  the  storage over 
the  continents using the empirical techniques of Thorn- 
thwaite  (Mather [15]). Mean  monthly  values  were  com- 
puted for the  land  area  within each  10°XIOo region of 
the  earth.  The  average  monthly  storage changes as com- 
puted for a  combination of areas which approximates  the 
United  States  and  southern  Canada (3O0-50'N., 70'- 
130'W. plus 50'-60"N., 100'-100'W.) are shown in figure 
9, along with  the  results of this  investigation.  Van 
Hylckama's  estimates  were  taken  to  represent  storage  on 
the  15th of each month. 

The two curves are  nearly  in phase, although  the 
maximum  and  minimum values computed by  the  water 
vapor  balance  equation  appear  to  lag those of Van 
Hylckama by about mo. On  the  other  hand,  the ampli- 
tude of the  storage curves differs by more than  a  factor 
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FIGURE 7.-Regions of water  balance computations. 

of two. A systematic  underestimation of the  moisture 
flux and consequent  underestimation of flux divergence 
might  be suggested as a possible reason for this difference, 
but since the mean  annual flux divergence  over the  area 
is negative, this would lead to a sizable systematic over- 
estimation of the  storage loss. Such  does not  appear to  
be  the case, since only a small  net  storage change was 
computed  during  the 2-yr. period. A flux  error which 

varies systematically  throughout  the  year  could also 
produce erroneous values of seasonal storage  change,  and 
still give correct year-to-year changes. As was shown in 
section 4, this  type of error  can arise if the  vertically 
integrated flux does not include the  contribution  from  the 
layers  above 500 mb.  This,  however, does not  appear  to 
be a factor  in  the present investigation since all available 
data up to 300 mb. were used. 
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FIGURE 8.-Water balance of the United States-southern  Canada. 
Surface and subsurface storage, (S), represents the change from 
Mny 1, 1981. The difference between  precipitation and evapora- 
tion, ( P - E ) ,  is computed from the water vapor balance equation. 
- 

TABLE 3.-United  Stales and southern Canada. Area=86.6X 105 km.2 
Units: em. yr." 

May 1961-Apr.  1962 May 1962-Apr.  1963 
1 I 

18.8 
20.6 
-1.8 

I 

16.0 
15.7 
+o. 3 

Since t,he amplitude of the  annual  storage  curve was 
not very different during  each of the 2 yr. studied, it 
seems  probable that  the  resulk of the  water  balance 
c.omputnt,ion are a reasonable  estimate of the long-term 
mean seasonal storage changes. It is suggested that the 
'rhernthwaite method tends to underestimate P- E 
during summer find overestimates it during winter, and 
t k d  this aecarmtc, at leagt in part, for the @eater arnoli- 
tude of Van Hylckama's storage curve. Evidence for this 
statement, will be  presented  later  in  this  paper. 

Since there is a difference in  the  land  area of the  North- 
ern and  Southern  Hemisphere,  these seasonal changes 
in storage  represent a substantial seasonal shift of water 
from the oceans to the  continents.  Consequently,  the 
total water content of the oceans is lowest in March 
and highest in October (Donn, PatuIIo, and Shaw @I>. 
The difference represents only  a small contribution  to 
changes in  mean  sea level and is thus difficult to  estimate. 
Van Hylckama  cites  a  calculation by Munk, using tidal 
gage data,  which  indicates an oceanic storage  change 
from March to  0ct)ober of 0.50 X lo'" gm.(1.4 cm.). 
Van Rylck-a himself computes a change of 0.75 1019 
grn.(2.10 em.). Howet7er, the comparisorl of his computed 
storage  changes  over  the  United  States  and  southern 
Canada  with  the  results from the  vapor  balance  equation 
suggests that his value  may  be too high. 

CENTRAL AND EASTERN  NORTH  AMERICA 

Mean monthly water baZance.-The combined Central 
Plains  and  Eastern Region (see fig. 7) was  chosen for the 
most detailed study.  Mean  monthly  precipitation for the 
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FIGURE 9.-Computed mean  monthly  surface  and subsurface 
storage  changes. 

entire  area was estimated  from zonal averages recorded 
in  state climatological summaries,  and  from  the  precipita- 
tion  maps of the  Canadian  Department of Transport 
Monthly  Report.  The period of investigation mas  ex- 
tended  back  to May 1, 1958, by using the flux divergence 
computations of Bock,  Frazier,  and Welsh [5]. 

The lengthening of the period of investigation allows 
one  to  assume,  as  a  first  approximation, that  the mean 
annual  surface  and  subsurface  storage  change,  averaged 
over the 5 9 .  period,  is zero. Any  computed  net  storage 
change is then  attributed to a  systematic  error  in  the 
evaluation of V-Q. A  net increase in  storage of 21 cm. 
was  computed for the 5-yr. period. Since there is as yet 
no  firm  information  concerning  the seasonal distribution 
of systematic  errors, a uniform correction of +0.35 cm./mo. 
was applied to the  computed divergence in  order to reduce 
the 5-yr. computed  storage  change to zero. This comet- 

tion is relatively small,  and  the final results would not be 
strongly affected if, for instance,  one were to apply the 
entire correction duGng the 6 summer OT 6 winter ma. 

Mean  monthly  values of runoff, precipitation,  evapo- 
transpiration,  and  storage  are given in  table 4 and  in 
figure 10. Departures from the 5-yr. annual  average  values 
are +en in table 5. The values of runoff are  largely 
determined by the Eastern Region,  which  accounts for 
only 35 percent of the total ares, but contributed 69 
pexent of the runoff. Totd precipitation volume is 
slightly higher over the  Central  Plains  Region,  although 
average  precipitation is significantly higher  over  the 
Eastern Region. 

The  storage  curve for the  area  has  much  the same 
characteristics as that  shown in figure 9, as would  be 
expected. The computed minimum storage at  the  end of 
August and the maximum at the end of March differ 
by  about 6 cm. Evapotranspiration  during  the  winter 
ranges  around 1% to 2 cm./mo.,  while  a summertime 
maximum of around 9 cm./mo. is  computed in  July.  The 
seasonal march of evapotranspiration is very similar to 
that obtained for the  entire  continent by Benton  and 
Estoque [3]. Precipitation exceeds computed  evapotrans- 
piration  during  all  months except July  and  August, when 
the difference is hardly $@cant. 

t, 
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TABLE 4.--Central Plains and  Eastern  Regions. Area=64Xl@ 
Units: m./mo.  or em. Computed  mean  monthly  water  balance 1o CENTRAL PLAINS - EASTERN REGION 

components. (May  1958-APT.  1963) 
- 

03 { E ?  
" 

7.33 
5.64 

4.99 

4.71 
4.05 

4.46 
2.93 
2.22 

4.04 
47l 

2.34 
1.23 

5.61 
5.47  2.48 

4.04 
7.93 
8.69 

6.27 

9.09 
8.05 

7.16 
9.34 
7.30 

74.74  55.24 

'As of end of month. Change  from  September  1. 

@as) 

+l. 32 
f .46 

+ .86 +.a 
i- . I5  
+I. 75 + .48 
"1.05 

- .97 
- .63 
-1.69 
-1.36 

" 

(as)* 

1.32 

246 
1.78 

3.47 
3.32 

5.22 
5.70 
4.65 
4.02 
3.05 
1.36 
.oo FIGURE 10.-Water balance: Central Plains and Eastern United 

States. May 1958-April 1963. Units: cm./mo. 

" TABLE 5.-Central Plains and Eastern  Regions.  Computed  departures 
f r o m  5-yr. annual  averages.  Period: May 1968-April  1963.  Units: 
cm./yr. 

We  have chosen to compare  our  computed evapotrans- 
piration  and  storage  change  with values obtained using 
two well-known and  widely used estimates of evapotrans- 
piration: those of Budyko [SI and C .  W. Thornthwaite 
and Associates [25, 261. Budyko's values must be  obtained 
by interpolation  from  relatively  small  maps,  but  inter- 
polation errors are  probably less than % cm./mo. The 
Thornthwaite  evapotranspiration  and  storage  estimates 
were obtained  from analyses over the  area of interest, 

Parameter 
Year 

G )  
(Eo) 
(a 
( I ? )  

( F E )  

-2.3 f5.3 -0.6 +1.9 -4.3 1 f o . 6  W.0 +3.3  -3.9 
-2.8 f o . 3  -0.4 "1.4 
+7.5 -0.9  -1.0 +l.O 

-0.9  $2.3  -2.9 
I 

using their data for 497lstations  distributed uniformly 
over the  area.  Storage changes were also computed using 
observed values of runoff and  Budyko's values of 
evapotranspiration. 

estimates. The  storage changes derived from  Budyko's e -  

indicating that his value of mean annual evapotrans- g 6  

piration is around 3 cm. less than  that  required to obtain * 
& behnce with the measured precipitation during thk 
5-yr. period. Nevertheless,  the values are in fair agreement * J" 

with those obtained  from  the  vapor  balance  equation, 
particularly if one allows for the 3-cm. imbalance. On 1 , ' 1 , 1 , , , ,  I I 

the  other  hand,  the  Thornthwaite  estimate follows a SEPT OCT Nov DEC JAN FEB MAR APR MAY JUNE XILY AW SEPT 

CENTRAL PLAINS - EASTERN REGION 

- ."" i 
..... I ..+..,., 

...+ ..." 
10 - .." 

Figure 11 shows a comparison of the  three  storage &...**"' "+,, .... ", 473 @"" 

evapotranspiration estimates do not balance for the  year, &&&/ --• *. - 
~< 4; &.' 

+c z 
/ 2' 

""b "" 

* 

- .$! ........... 0. STORAGE 

pattern which, as might  be expected, is similar to  the 
previously discussed estimate of Van Hylckama for the 
United  States  and  southern  Canada. fFis computed 
seasonal storage  change is again more than double that 
obtained  from  the  vapor  balance  equation. Significantly 
higher values of seasonal storage  change were  also ob- 
tained  from  the  Thornthwaite data for each of the  major 
subdivisions of the area (Central  Plains Region, Etwtern 
Region, Ohio Basin, and  Great  Lakes  Drainage).  Thus, 
the  dgerence in the results obtained from the two methods 
sppears to be quite systematic. 

The basic reason for this difference is evident from 
figure 12. The  Thornthwaite  wintertime values of evapo- 
transpiration  are significantly lower and  summertime 
values significantly higher than those obtained  from  the 
vapor balance equation.  This  pattern is, again, also 
found over the smaller subdivisions of the  area. Since 
measured  precipitation  is  used  in  both  balance schemes, 
computations using the  Thornthwaite  data show a  greater 

FIGURE Il."Comparison of estimates of mean  monthly surface 
and  subsurface storage change: Central Plains and Eastern 
United Btatm. Play 1988-April 1363. Unit,s; cm. 

accumulation of storage  during  winter,  and  a  greater 
loss during  summer. 

The  Budyko values are more in line with  those ob- 
tained from the  vapor  balance  equation,  although  they 
show an interesting  and  rather  consistent  lag of around 

Mean monthly  zr&riadility.--The balance  computations 
previously described provide  a  time series of 60 mean 
monthly values for each of the  four hydrologic parameters. 
The  annual  march was removed  from  these data  by  sub- 
tracting  the  mean  monthly values, and  a few of the  statis- 
tical  properties of the  resulting series were  examined. Some 
of the  results  are given in  tables 6 and 7. 

The  standard Chi-square  goodness of fit test  supported 
the null hypothesis of normality  for  each of the series. 

to 1 mo. 
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Serial correlation coefficients, computed  for  each of the 
parnmeters,  gave  a lag 1 correlation which differed from 
zero by u, statistically significant amount  only  in  the case 
of runoff. The Coefficients for these data, for  lags 1 through 
4, mere 0.47,  0.44,  0.24, and 0.08, suggesting  considerable 
persistence in the series. Because of this  lack of independ- 
ence of mean  monthly  values,  no confidence limits were 
computed for relationships  involving runoff. 

Cross correlation coefficients between (7) and (Ro), and 
between computed (AS) and ( E )  did not differ from zero 
by  a  statistically  significant  amount for either  lag zero 
or lag 1. 

A significant relationship existed between  measured 
( p )  and - (V*g+AU') (which represents the computed 
vnlue of (P-E))  at lag zero. Sample  correlation coeffici- 
ents for the  summer 6 mo. (May-October),  winter 6 mo. 
and for the  year were 0.83,  0.93, and 0.87 respectively. 
Thus,  the  wintertime variance of computed (P-E) is 
nlmost, entirely  accounted for by  variations  in measured 
(7) nnd even during  the  summer  about 70 percent of the 
vnrinnc,e of computed ( P " E )  could be accounted for by 
the  variation of (F). When one considers the  fact  that 
some error exists in both  the  evaluation of ( p )  and (P-E),  
and  the  improbability of any significant correlation be- 
tween these  errors, it seems clear that departures from 
nornlnl of ( E )  normally - make only a small  contribution  to 
the  departure of ( P - E )  over this  area. 

The slope of the regression line (with (7) as  the abscissa) 
was 1.40 in  summer  and 1.05 in  winter. A slope greater 

- 

................. CENTRAL  PLAINS - EASTERN REGION 

1 1 1 1 1 1 ~ ~ , ~ , 1 1  

SEPT OCT NO4 DEC JAN FEE MAR  APR  MAY JUNE JULY  AUG SEPT 

FIGURE 12.-Comparison of estimates of mean  monthly cvapo- 
transpiration:  Central  Plains  and  Eastern  IJnited  States. May 
1958-April  1963. Units: cm./mo. 

than 1.00 indicates  a  tendency  for (E) to decrease as (7) 4 
increases, but during  neither season does the slope differ 4 
from one by  an  amount  statistically significant at  the 1 
5-percent level. 

Computed  values of @) and (AS) were negatively cor- 
related at  lag zero, the coefficients being -0.85 in  summer 
and -0.54 in winter. However, one  cannot necessarily 
interpret this as an indication of a  real  relationship be- 
tween these  quantities.  Errors  in  the  measurement of 
(V*Q) will be reflected as errors of opposite sign when 
computing (E)  and (AS), so a t  least  part of the  negative 
correlation arises simply from these  errors. 

Next  to  the correlation  between (V*G+AW) and (F), 
the correlation  between (AS) and (7) at  lag zero was the 
most  significant of the relationships between the  four 
parameters.  Summer,  winter,  and  annual coefficients of 
0.78,  0.87, and 0.79 were obtained. Thus variations  in 
( p )  accounted  for about half the summertime  variance  in 
computed (AS) and for  more than three-fourths of its 
winter  variance. The unexplained  variance arises from 
variations  in runoff not correlated  with  storage  changes, 
and  from  errors  in  the  evaluation of (v*Q+AL\W). The slope 
of the regression line (1.41 during  summer, 0.86 during 
the minter) does not differ from one by  an  amount 
statistically significant at  the 5-percent level. 

The picture of average  conditions over the  Central 
Plains  and  Eastern Regions which emerges from this 
analysis  can  be  summarized  as follows. Variations  from 
mean  monthly (x) and ( E )  are a t  best  only weakly .' 
related  to  variations  in (7). Furthermore,  the  magnitude 
of runoff variations  is  relatively small. On the  other  hand, 
there is  a  much  stronger  relationship  between  variations 
in (p )  and (AS). Because of this,  variations  in (;") are 
reflected most  strongly as compensating changes in  stor- 
age. Thus, when dealing with  mean  conditions over the 
entire  area, precipitation departure alone serves  as  a  fairly 
good indicator of the  quantitative  departure  from normal 

TABLE 6.-Sample  standard  deviation of the departure from the  mean 
monthly  value, May 1958-April  1963.  Units:  em. mo." 

Summer ................. 1.55 0.92 0.93 1.66 
Winter.. ................ 1.41 1.2.5 .52 1.24 1 .36 

TABLE 7.-Depariures from mean monthly  values.  Regression  relationships for zero  lag 

Y -@&-AW)1 (3 (7% (As) 

x- ( 3  (As) ( a  ( 3  

Summer winter  Annual Summer Winter Annual Summer Winter Annual SUmmer Winter Ammd 

r 0.83  0.93 0.87 "0.85 -0.54 -0.75 0.00 0.65 0.37 0.78 0.87 0.79 
95%confidence ........................................... .63 . 8 4  .79 - .82 - .76 - .P5 .55  .72 .67 
limits torr ................................................ .91 .96 .92 - .69 - .16 - ,130 .90 .93 .87 

......................................................... 

0 1.40  1.05  1.17 -0.48 -0.23 -0.39 0.00 0.19 0.12 1.41 0.86 1.06 
" 

......................................................... 
95~mnfidenco ........................................... . 9 3  .83 .93 - .63 - .41 - .51 .84 .61 . i 7  
limitsforb.. .............................................. 1.87 1.27 1.41 -.33 - . 0 5  "27 1.98 1.11 1.35 

1 Represents computed  value of m. 
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storage  change. The validity of this  statement for the 
area  studied  does  not necessarily imply its validity  for 
smaller areas. 

Some hint  as to the magnitude of the  random error  in 
(V*@ can  be  obtained  from  this analysis. If the correla- 
tion between (AS) and (E) was due  entirely  to  errors  in 
(V*Q), its  standard error was around 0.8 cm./mo.  during 
summer  and 0.3 cm./mo. during  winter.  Alternately,  one 
may assume that all the variance of (V*Q+AW> which 
cannot be explained by variations  in (7) is due to  errors  in 
(V*Q), rather  than  to real  variability  in (E)  and errors  in 
estimating ( F )  and (AW). This gives standard errors  for 
(V*@ of 0.9 cm./mo. in  summer  and  0.5  cm./mo. in winter. 
Because of the assumptions  involved, i t  is probable that 
these figures are  overestimates of the  actual  error. All 
in  all, it seems likely that  the  standard error  in @*a) for 
this  particular  area lies around 0.50 cm./mo. in  summer, 
and  around 0.25 cm./mo. in winter. 

7. SUMMARY AND CONCLUSIONS 
Certain aspects of the water  balance of the  North 

American continent  and two large  subareas of the con- 
tinent  have been investigated, using atmospheric  vapor 
flux data together  with  observed streamflow and precip- 
itation. 

The mean  vertical  distribution of the flux divergence 
was computed  for the  United  States for the  months of 
January  and  July.  Strong flux convergence in  the lowest 
100 mb.  and divergence through  the  remainder of the 
troposphere mere found in July.  Flux convergence mas 
found  throughout the troposphere  over the  eastern half 
of the  area  in  Janmry,  with a maximum between 900 and 
950 mb., while in  the west convergence (with no partic- 
ularly pronounced maximum) u7as found  above 800 mb. 
with weak divergence below. Corresponding  features of 
the profiles were found at  higher elevations  over the west, 
where the flux divergence above 500 mb. is quite signi- 
ficant. 

Maps of the vertically  integrated flux divergence for 
North America and  the  Central  American  Sea  exhibit sys- 
tematic  diurnal  variations  and also a  systematic  error 
pattern, which are of relatively  large scale and  amplitude. 
The presence of the  systematic errors  is the  primary 
factor that leads to a  deterioration of the  results of the 
balance  computations  as  the size of the  area over which 
averages  are taken is decreased. Balance  computations 
using 2 to  5 yr. of data gave good results for areas of 
about 20X lo5 km.2 or larger, but as the area was de- 
creased to less than 1Ox IO5 km.2 the results became much 
more  erratic. 

In  this  paper we have reviewed primarily the results 
of very large-scale balance  computations. A discussion 
of the results  for the smaller areas will be published a t  
a later  date. 

For t,he  United  States  and  southern  Canada,  computed 
values of (P--E') coupled with observed streamflow from 
the  area gave an average  storage  curve whose late  sum- 
mer  minimum  and  spring  maximum differed by around 
7 cm. In contrast, Van Hylckama 1281, using Thorn- 
thwaite's technique, computed  a  difference of around 

- 

19 cm. Further  computations based  on the  vapor  balance 
equation, for five  areas of eastern  North America, all 
yielded seasonal storage  changes which were signs- 
cantly less than those  computed  from the  water  balance 
data of Thornthwaite  and Associates [25, 261. This dif- 
ference appears  to arise primarily  from  a systematic 
overestimation of wintertime P- P and  underestimation 
of summertime P-h' when the  Thornthwaite  data  are 
used. 

We  have briefly looked at some of the  statistical prop- 
erties of the  departures from the  monthly  means. The 
results of this  analysis,  particularly the  strong  correlation 
between variations in precipitation and (V.Q+AW) indi- 
cate  that month-to-month  variations  in (=E) are being 
computed  accurately enough to yield useful information. 
Specifically, the  results  indicate that when dealing  with 
averages over the  entire  area,  the  departure  from  normal 
precipitation  alone serves as  a  fairly good quantitative 
indicator of the  departure from  normal  storage  change. 
This finding may  have  implications for long-range fore- 
casting since it suggests that on the  larger scale a good 
forecast of the  departure from normal  storage  change  is 
primarily  dependent on a good forecast of the  departure 
from  normal  precipitation,  with  evapotranspiration  de- 
partures being of secondary  importance. 

The results of this study leave little  doubt as to t'he 
advantages which can  be gained when vapor flux data, 
along with standard surface hydrologic data, are  applied 
to large-scale hydrologic investigations. Many  results  can 
be obtained for regions of good a,erological data,  such  as 
North America, which are difficult, if not impossible, to  
obtain  in  any  other  \my. I t  is important  to  point  out, 
however, that  the  data  must be used on a  time  and  space 
scale that is compatible  with the  density,  frequency, and 
quality of the available  observations.  There is little  point 
in  stubbornly  attempting  to  apply divergence computa- 
tions on a scale for which they  are  not  suited.  On the 
other  hand, it should also be  made clear that  the  results 
of this  investigation  by no means represent the  ultimate 
in what  can be  obtained from the existing observational 
network. The formnt,ion of mean  monthly  values from 
daily analyses on a number of pressure surfaces together 
nith tlhe careful consideration of topography  might well 
produce marked  improvement  in the results. Further- 
more, a study of the individual  terms which make  up 
the mean  monthly flux divergence at  a  particular  level, 
i.e. - 

v*~v=v~pJvJ+v.v'i+~viv.B - 

might  isolate the  major sources of error  in the computa- 
tions. Results of this study suggest that errors in  the 
evaluation of the divergence of the mean  monthly wind 
may  contribute,  through  the  thiid  term  on the  right, a 
large part of the  systematic  error  in V*g. One may  be 
able to devise rational  smoothing  techniques for the  mean 
monthly wind field that \\-ill significantly reduce this 
error. 
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